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Soil Management Implications
of Producing Biofuel Feedstock
Jane M.F. Johnson, David W. Archer, Douglas L. Karlen,
Sharon L. Weyers, and Wally W. Wilhelm

T

he use of plant biomass for energy has existed since humans mastered the use of fire, although
utilization beyond the open fire has evolved. The concept of using recent biomass as a major
energy feedstock is being revisited, driven by high consumer demand (growing population),
declining domestic oil supplies, increasing cost of fossil fuels, and a desire to curb the emission of greenhouse gases (Johnson et al., 2007b). In general terms, agriculture and forestry are
the economic sectors commercially producing a wide array of bioenergy feedstocks (e.g., grains,
herbaceous annuals, herbaceous perennials, and woody perennials). For this review, biomass
feedstock is any nongrain, plant-derived feedstock. These commodities can serve as feedstock
for cellulosic ethanol or other thermochemical platforms such as gasification or pyrolysis.
The type of bioenergy feedstock produced and the desired energy product can alter the management implications, which likely will vary by region. It is also likely that a given farm operation
may produce multiple feedstocks, including corn and soybean grain, perennial grasses, and
crop residues. The potential risks and benefits of growing and using feedstocks vary considerably (Johnson et al., 2007b). The challenge of establishing a perennial biomass system depends
on prior management. Conversion of highly diverse grassland systems to low-diversity or monoculture perennial systems could reduce the environmental benefits of these lands. Conversely,
converting from high-input, annual crop species to perennial species could reduce input requirements (fertilizer, fuel, pesticides) and reduce erosion risks, and thus have positive environmental
impacts (Mann and Tolbert, 2000). Agronomic, environmental, and economic issues need to be
addressed for the wide range of feedstocks and feedstock combinations to assure sustainability.
Agronomic management of the major cash crops, i.e., corn (Zea mays L.), soybean (Glycine max L.
[Merr.]), wheat (Triticum aestivum L.), and rice (Oryza sativa L.), has been studied for many decades.
However, changes in traditional management strategies and practices are necessary when crop
residues such as stover or straw are harvested routinely. Answers to the following questions will
provide the framework for making these changes: (i) how much biomass can be harvested without exacerbating soil erosion or loss of soil organic matter (SOM) and soil organic carbon (SOC),
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(ii) how will harvesting biomass impact fertility management, (iii) how o en should
the biomass be harvested, (iv) how can
perennial biomass crops be integrated into
a current farming system, (v) can tillage be
reduced when residues are harvested, and
(vi) how will the residue be harvested, stored,
and transported? Furthermore, utilization
of new or alternative crops has agronomic
unknowns such as pesticide and fertility
management, and economic questions such
as market demand. The risks to farmers can
be high due to lack of agronomic experience,
uncertain markets, and lack of crop insurance or subsidies.
Many aspects of crop residue management were reviewed in the ASA Special
Publication Number 31, edited by W. R.
Oschwald et al. (1978). Although 30 years
have passed since it was published, many
of the principles addressed are still relevant: conservation, soil erosion control, soil
chemistry, disease, and weed control. This
review focuses on preventing soil erosion,
maintaining or building SOM, and managing nutrients and water for agricultural

Fig. 24|1. A visual assessment of
soil quality impacts of harvesting
corn stover. Notice the soil erosion
in the foreground following intense
spring rains where corn stover had
been harvested during the previous
autumn (ARS Photo d1235–30).
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commodity crops, herbaceous annuals, and
perennials. It also includes a discussion of
economic influences on management in biofuel feedstock production.

Soil Erosion and
Soil Organic Carbon
Many soil conservation improvements have
been realized by using the tolerable annual
soil loss (T) concept, which was incorporated
into the United States’ conservation policies
(USDA-NRCS, 2006). Soil erosion predictive models, the Revised Universal Soil Loss
Equation version 2 (RUSLE2) and the Wind
Erosion Equation (WEQ), have been widely
used by the USDA-NRCS as planning tools to
control soil erosion to T or below (Cox, 2008).
However, these tools alone do not address
loss of SOC. The USDA-NRCS estimated
that managing soil to maintain SOC could
save an additional 1.2 billion Mg of soil and
8.2 billion U.S. dollars annually (http://soils.
usda.gov/sqi/concepts/soil_organic_matter/
som_manage.html, verified 16 Sept. 2010).
Safeguarding soil productivity in an era
of biomass feedstock harvest and competing demands for agricultural production is
paramount (Lal, 2004; Wilhelm et al., 2004;
Graham et al., 2007; Johnson et al., 2007b).
No-tillage farming retains all unharvested
crop residues on the soil surface, dramatically
reducing soil erosion. Both the Perlack et al.
(2005) and Graham et al. (2007) assessments
of harvestable biomass assume universal
conversion to no-tillage farming systems.
Unfortunately, it is unlikely that no-tillage
farming will be adopted universally. In northern states such as Minnesota, less than 5%
of the cropland is managed using no-tillage;
although about 50% of the acreage has some
form of conservation tillage (chisel plow, ridge
tillage, or mulch tillage) (CTIC, 2002). The
low adoption rate in the northern tier states
is related to the short growing season and
cool, wet springs. Tillage aids in drying and
warming soil, especially in early spring. In
drier climates, retaining residue on the soil
surface by eliminating tillage is a strategy to
reduce evaporation (Al-Darby et al., 1989) and
to improve crop productivity (Wilhelm et
al., 1986). Unfortunately, harvesting biomass
reduces the eﬀectiveness of conservation- or
no-tillage to retard erosion (Fig. 24|1).
Policy and conservation guidelines for
minimizing erosion already exist and are
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applicable to biomass harvest; however, these
guidelines may not be suﬃcient to maintain
SOC. Wilhelm et al. (2007) found that the
residue requirements for maintaining SOC
exceeded those needed to limit erosion at
or below T (Fig. 24|2). Thus, developing harvest recommendations constrained only
for erosion control risks loss of SOC. Part
of the challenge in developing guidelines
that address both erosion and SOC is that
mechanisms controlling soil erosion diﬀer
from managing SOC (Wilhelm et al., 2004).
Reducing erosion is a function of percent soil
coverage (Stocking, 1988; Bilbro and Fryrear,
1994), but maintaining SOC requires biomass
inputs equal biomass outputs.
Using empirical data and linear regression between C inputs and change in SOC,
Johnson et al. (2006a) proposed the term
“minimum source C (MSC),” which is the
annual C inputs necessary to maintain SOC
content. Based on literature data for several
crops and tillage practices, Johnson et al.
(2006a) estimated an average MSC at 2.21 ±
1.1 Mg C ha−1 yr−1 (n = 21). Since the Johnson
et al. (2006a) review, several other studies
reported empirical MSC estimates ranging
from 0.032 to 8.7 Mg C ha−1 yr−1 (Table 24|1).
Wheat tends to have lower MSC compared
with corn or soybean systems, perhaps
because wheat-based systems are more
common in cooler, dryer climates. Banowetz
et al. (2008) using the USDA-NRCS Soil Conditioning Index (SCI) predicted a MSC of 2.0
Mg C ha−1 for cereal crops and seed grass in
Washington. Theoretically, once MSC for a
given management system is known, the

Fig. 24|2. Tillage and crop rotation effects
on the annual average amount of corn stover required for protecting soil resources
against wind or water erosion and to
sustain soil carbon (organic matter) levels
(Wilhelm et al., 2007).

amount of sustainably harvestable biomass
can be predicted. However, not all empirical studies of SOC demonstrate a correlation
with C inputs (Dexter et al., 1982; Johnson
and Chamber, 1996; Nicholson et al., 1997;
Sainju et al., 2006b; Huggins et al., 2007);
in such cases, MSC cannot be estimated. A
lack of correlation to C inputs indicates that
either the rate of humification and/or the
rate of mineralization were changing (Bayer
et al., 2006). Based on the wide range in MSC
reported and the examples where MSC cannot be estimated we suggest that additional
research and modeling eﬀorts are needed to

Table 24|1. Recent empirical estimates on the amount of annual aboveground non-grain C
inputs required for maintaining soil organic C levels.
Location

Crop†

Primary tillage‡ Soil type§

C

Citation

Mg ha–1 yr–1
SD

M

CP

L

3.21

Pikul et al. (2008)

NE

M, S

D

SiL

2.4

Varvel and Wilhelm (2008a)

MN

M, S

NT

CL

8.7

Huggins et al. (2007)
Sainju et al. (2006a)

MT

W

NT

CL

0.82

CA

W, M, T

CT

SiL, SiCL

2.6

Kong et al. (2005)

India

W, S

NR

SaL

0.032

Kundu et al. (2007)

Brazil

O, M, V, C

CT

SaCL

6.2

Bayer et al. (2006)

Brazil

O, M, V, C

NT

SaCL

2.7

Bayer et al. (2006)

† C, cowpea [Vigna unguiculata (L.) Walp.]; M, maize (corn); O, oat (Avena strigosa Schreb.); S, soybean; T, tomato (Lycopersicon esculentum Mill.); V, vetch (Vicia sativa L.); W, wheat.
‡ CP, chisel plow; CT, conventional tillage, details not provided; D, disk; NR, not reported; NT, no-tillage.
§ Si, silt; Sa, sandy; L, loam; C, clay.
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more accurately predict harvest rates that
will not degrade SOC.
Currently, the USDA-NRCS SCI tool provides a user-friendly, accessible means for
estimating if harvesting a chosen amount
of biomass would likely cause a loss of SOC.
The SCI has three primary components:
(i) plant biomass input or removal rate, (ii)
eﬀect of tillage and management on organic
matter decomposition, and (iii) erosion prediction based on management. The tool
does not give an amount of C sequestered or
lost, but provides guidance on the direction
of change. Additional scientific review and
validation is needed to expand its validity to
a wider variety of agricultural regions and
management practices including irrigated
systems and nontraditional cropping systems (Cox, 2008). The data tables within SCI
are updated as new information becomes
available (USDA-NRCS, 2002). Other models, such as CQSTR (Rickman et al., 2001),
EPIC (Izaurralde et al., 2006), CENTURY
(Parton et al., 1988), and DAISY (Bruun et
al., 2003) oﬀer additional tools for predicting
the impact of biomass harvest on SOC, but
are more complicated, requiring more input
data and more knowledge for interpretation.
Management strategies for preventing
SOC loss and controlling wind and water
erosion should be included whenever biomass feedstocks (annual or perennial) are
harvested. Strategies may include one or
more of the following management modifications: (i) reducing or eliminating soil tillage,
(ii) maintaining adequate soil cover, (iii) adding perennial crops into the rotation, and (iv)
using green manures, cover crops, and/or living mulches (Syers, 1997; Thorup-Kristensen
et al., 2003; Johnson et al., 2007b; Johnson et
al., 2007c). Reducing or eliminating tillage
is well known for keeping crop residue on
the soil surface (e.g., Siemens and Oschwald,
1978). Herbaceous perennials typically have
extensive root systems, which can increase
SOC while helping protect the soil from erosive forces (McLaughlin and Walsh, 1998;
Frank et al., 2004; Liebig et al., 2005; Lee et al.,
2007; Liebig et al., 2008). Thus, inclusion of a
perennial into a rotation is a strategy to oﬀset
SOC loss during rotation phases that return
less C into the soil. Green manures have
been used as biological tools for N management, erosion control, and to increase SOC
(Thorup-Kristensen et al., 2003). Cover crops,
which are more commonly used in warmer,
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wetter climates (Dabney et al., 2001), protect
the soil from erosive forces, suppress weeds,
help manage N fertility, and increase C input
by extending the growing season (Reicosky
and Forcella, 1998; Dabney et al., 2001; Thorup-Kristensen et al., 2003; Singer, 2005;
Baker et al., 2007).

New and Alternative Crops
Many perennial grass species can serve as
biomass feedstocks (Jasinskas et al., 2008;
Monti et al., 2008; Mulkey et al., 2008). However, greater emphasis has been placed on
developing switchgrass (Panicum virgatum
L.) and miscanthus (Miscanthus ×giganteus
J. M. Greef & Deuter ex Hodk. & Renvoize),
for feedstock production (Wright, 1994;
Heaton et al., 2008). Switchgrass has a long
history as a forage crop (Moser and Vogel,
1995; Wolf and Fiske, 1996; Vogel et al., 1999).
Therefore, multiple cultivars (Cassida et al.,
2005b; Adler et al., 2006) and agronomic recommendations for switchgrass are available
in several regions (Wolf and Fiske, 1996; Teel
et al., 2003; Lee and Boe, 2005; Nyoka, 2007).
Research is ongoing to improve breeding,
production, and management to improve
switchgrass and other grasses (McLaughlin
and Adams Kszos, 2005; Heaton et al., 2008;
Lemus et al., 2008).
Additional bioenergy resources are also
in development. Several oilseed crops are
being explored for biodiesel production,
for industrial products (e.g., lubricants and
plasticizers), and even for jet fuel (Table
24|2), depending on the conversion process
utilized. Many of the oilseed crops have oil
contents as high as or higher than soybean,
and can be grown on marginal land with
fewer inputs than soybean. One example is
cuphea (Cuphea spp.), which is only semidomesticated, with an indeterminate growth
habit, and shattering problems that need to
be resolved through improved plant breeding (Knapp and Crane, 2000; Gesch et al.,
2006). Currently, alternative oilseed crop
expansion in the United States is hampered
by lack of markets, subsidies, and crop
insurance (Johnson et al., 2007b). In addition,
agronomic management tools (e.g., nutrient
and pesticide recommendations, rotations,
harvest strategies) are needed.
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Table 24|2. Alternative oilseed crops in production or development.
Common name

Scientific name

Potential use

Commercially
Citation
grown

Oilseed rape

Brassica napus L.

biodiesel

yes

Demirbas (2006)

Crambe

Crambe abyssinica Hochst.
ex R. E. Fr.

lubricants, plasticizers

yes

Carlson et al. (1996)

Lesquerella

Lesquerella fendleri (A. Gray)
S. Watson

lubricants, plasticizers

no

Carlson et al. (1996); Dierig et
al. (1996)

Camelina

Camelina sativa (L.) Crantz

industrial use

yes

Putnam et al. (1993)

Pennycress

Thlaspi arvense L.

cover crop, biodiesel

no

Johnson et al. (2007b)

Castor-bean

Ricinus cummunis L.

lubricant

yes

Brigham (1993); Goodrum and
Geller (2005)

Cuphea

Cuphea spp.

biodiesel,
jet fuel, lubricant

yes

Gesch et al. (2006)

Nutrient Management
Adaptation of current cropping systems
for biomass harvest and development of
dedicated biomass crops raise nutrient
management questions such as: (i) amount
of various nutrients actually removed, (ii)
impact of removal on soil fertility, (iii) management strategies to replace or reduce
nutrient removal, and (iv) economics of
nutrient replacement (discussed in economic section below). Harvesting annual
crop residue in addition to grain removes
additional nutrients; thus nutrient management may need to be adjusted. Likewise,
nutrient management in perennial systems
will need to be modified to reflect change
in commodity from forage, such as alfalfa
(Medicago spp.) or mixed hay to biomass
feedstock. Historically, these species have
been grown in pastures for grazing, harvested for hay or silage production, grown
in Conservation Reserve Program (CRP)
land, or grown in other conservation areas
such as grassy waterways. Perennials in
conservation programs were rarely, if ever,
harvested, while forage crops are managed
for high feed value (protein and energy content) and generally harvested several times
each year. As a biomass feedstock, energy
or carbohydrate content is more important
than protein. This diﬀerence in end use
means that all aspects of nutrient management likely will be substantially diﬀerent.
Nutrient concentration varies among
crop species, plant organ, and physiological
stage (Lewandowski and Kicherem, 1997;
Fageria, 2004; Johnson et al., 2007a; Monti et
al., 2008). The concentration averaged across
all feedstocks and organs was 9.1 ± 6.8 g N
kg−1, 0.9 ± 0.5 g P kg−1, and 8.7 ± 7.3 g K kg−1

(Table 24|3). Annuals crops did not appear
to have diﬀerent concentrations of N, P, or
K compared with perennial species. Corn
stems and cobs had lower nutrient concentration than corn leaves. Among these
studies, cobs and switchgrass stems had
the lowest concentration of N, switchgrass
and miscanthus stems had the lowest concentration of P, while giant reed grass stems
(Arundo donax L.) had the lowest concentration of K. Feedstock likely will be harvested
when it is relatively dry, thus nutrient concentrations will be lower than if the same
feedstock were harvested for animal feed
(Lewandowski and Kicherem, 1997; Reynolds et al., 2000; Hoskinson et al., 2007).
Other macronutrients (Ca, Mg, and S) and
micronutrients (B, Cu, Fe, Mn, and Zn) are
also removed when biomass feedstocks are
harvested (Fageria, 2004; Hoskinson et al.,
2007; Monti et al., 2008). Therefore, producers will need to monitor soil fertility, scout
crops for deficiency symptoms, and apply
appropriate fertilizer mixtures as necessary.
Nutrient removal depends both on concentration and harvest rate. Therefore, if a
feedstock removes 7.1 g N kg−1 dry biomass
and 5 Mg ha−1 is harvested annually, then
35.5 kg N ha−1 would be removed; similarly, 10 Mg feedstock ha−1 removes 71 kg N
ha−1. In the Pacific Northwest, switchgrass
yielding 14 to 20 Mg ha−1 exports about 210
kg N ha−1, 40 kg P ha−1, and 350 kg K ha−1
with harvested biomass (Hal Collins, personal communication). Duﬀ y and Nanhou
(2001) estimated 0.42 kg P Mg−1 and 9.4 kg
K Mg−1 were removed with every Mg of
switchgrass harvested in the fall, which
corresponds to 5.2 kg P ha−1 and 125 kg K
ha−1 removed at a harvest rate of 13.4 Mg ha−1.
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Table 24|3. Plant concentration of N, P and K of potential annual and herbaceous perennial
biomass feedstocks.
Crop organ

N

P

K

Comment

Citation

————————— g kg−1 —————————
Annual crops
Barley straw

6.4

nr†

nr

Cookson et al. (1998)

Barley straw

6.1

nr

nr

Andren and Paustian (1987)

Barley straw

6.0

nr

nr

Christensen (1986)

Barley straw

7.5

1.1

12.5

Lindstrom (1986)

Barley straw

7.9

nr

nr

Mitchell et al. (2001)

Barley straw

6.3

nr

nr

Velthof et al. (2002)

Barley straw

4.8

nr

nr

Corn cob

3.3

nr

nr

avg. 3 yr and treatments

Halvorson and Reule (2007)

Corn cob

3.8

nr

nr

Halvorson and Johnson (2009)

Corn cob

10.0

nr

nr

Yu et al. (2008)

Corn leaf

10.3

nr

nr

Burgess et al. (2002)

Corn leaf

13.6

nr

nr

Johnson et al. (2007a)

Corn stem

5.7

nr

nr

Burgess et al. (2002)

Corn stover

5.9

nr

nr

Johnson et al. (2007a)

Corn stover

3.4

1.0

3.4

Breakwell and Turco (1989)

Corn stover

10.0

1.33

20.6

Tian et al. (1992)

Corn stover

5.7

nr

nr

Corn stover

6.7

nr

nr

Corn stover

7.7

0.9

11.7

130 d after planting

Corn stover

7.5

0.7

10.0

avg. of cutting heights

Corn stover

11.1

1.8

13.3

Corn stover

8.0

2.0

nr

Manlay et al. (2002)

Corn stover

7.3

nr

nr

Velthof et al. (2002)

Burgess et al. (2002)

avg. of treatments

Al-Kaisi et al. (2005)
Burgess et al. (2002)
Fageria (2004)
Hoskinson et al. (2007)
Lindstrom (1986)

Millet straw‡

2.7

0.7

nr

Manlay et al. (2002)

Millet straw

10.0

1.0

12.8

Fatondji et al. (2006)
Sarr et al. (2008)

Millet straw

13.8

nr

nr

Rice hulls

3.1

0.8

3.6

Linquist et al. (2007)

Rice leaf

26.0

nr

nr

Abiven et al. (2005)

Rice leaf

14.6

nr

nr

Rice stem

10.0

nr

nr

Rice stem

6.2

nr

nr

Rice straw

8.4

0.53

23.4

Tian et al. (1992)

Rice straw

6.5

nr

nr

Tirol-Padre et al. (2005)

Rice straw

5.0

0.5

31.0

Kaewpradit et al. (2008)

Rice straw

4.1

1.0

nr

Manlay et al. (2002)

Sorghum leaf

26.0

nr

nr

Abiven et al. (2005)

Sorghum leaf

13.5

1.3

10.2

avg. among varieties

Monti et al. (2008)

Sorghum straw

6.2

nr

nr

avg. among treatments

Franzluebbers et al. (1995)

Sorghum straw

7.0

0.5

nr

Safﬁgna et al. (1989)

Sorghum stem

9.0

nr

nr

Abiven et al. (2005)

Sorghum stem

3.5

0.7

12.8

avg. among varieties

Monti et al. (2008)

Soybean leaf

34.0

nr

nr

avg. 3 yr, Oct. harvest

Rao et al. (2005)

Soybean leaf

44.0

nr

nr

Abiven et al. (2005)

Soybean leaf

15.8

nr

nr

Johnson et al. (2007a)
Al-Kaisi et al. (2005)

Soybean straw

9.7

nr

nr

Soybean straw

12.8

1.5

15.2

Soybean straw

14.8

nr

nr

Soybean straw

22.5

2.2

10.5

avg. 10 cultivars

Ying et al. (1998)

avg. 10 cultivars

Ying et al. (1998)

Abiven et al. (2005)

Fageria (2004)
avg. among treatments

Franzluebbers et al. (1995)
Lindstrom (1986)

Soybean stem

8.8

nr

nr

avg. among treatments

Franzluebbers et al. (1995)

Soybean stem

7.0

nr

nr

avg. 3 yr, Oct. harvest

Rao et al. (2005)
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Crop organ

N

P

K

Comment

Citation

————————— g kg−1 —————————
Soybean stem

20.0

nr

nr

Abiven et al. (2005)

Soybean stem

4.4

nr

nr

Johnson et al. (2007a)

Wheat leaf

7.0

nr

nr

Abiven et al. (2005)

Wheat straw

5.9

nr

nr

Cookson et al. (1998)

Wheat straw

9.4

1.53

5.88

Wheat straw

6.0

nr

nr

Wheat straw

10.6

nr

nr

Jawson and Elliott (1986)

Wheat straw

6.7

0.7

9.7

Lindstrom (1986)

Wheat straw

8.2

nr

nr

Mitchell et al. (2001)

Wheat straw

3.7

nr

nr

Tirol-Padre et al. (2005)

Wheat straw

6.2

nr

nr

Velthof et al. (2002)

Wheat stem

4.0

nr

nr

Abiven et al. (2005)

Mean ± Std. dev.

9.9 ± 7.5

1.1 ± 0.5

13.1 ± 7.6

Cardoon leaf
Cardoon stem
Reed Canary grass
straw
Giant reed
grass stem
Giant reed
grass leaf
Miscanthus leaf
Miscanthus straw

9.6
3.0
11.7

1.5
1.4
1.4

4.7
6.5
3.0

4-yr stand, after frost
Monti et al. (2008)
4-yr stand, after frost
Monti et al. (2008)
3-yr stand, avg. 5 treatments Katterer et al. (1998)

5.2

0.3

5.6

4-yr stand, after frost

Monti et al. (2008)

15.7

0.8

5.1

4-yr stand, after frost

Monti et al. (2008)

6.3
15.1

0.4
nr

3.3
nr

4-yr stand, after frost
year 1 fall harvest

Miscanthus straw

13.4

nr

nr

Miscanthus straw

7.3

nr

nr

Miscanthus straw

4.3

nr

nr

Miscanthus stem
Switchgrass straw
Switchgrass straw
Switchgrass straw
Switchgrass straw
Switchgrass straw
Switchgrass straw
Switchgrass straw

1.6
13.6
7.9
5.3
11.1
4.5
4.1
5.4

0.1
nr
0.7
nr
nr
0.9
0.5
0.4

3.6
nr
1.8
nr
nr
3.4
0.6
9.4

Switchgrass straw
Switchgrass straw
Switchgrass straw

nr
11.2
6.0

0.08
nr
0.9

0.6
nr
nr

Switchgrass straw

6.3

nr

nr

Switchgrass straw
Switchgrass straw

7.3
3.6

nr
nr

nr
nr

Switchgrass straw
Switchgrass straw
Switchgrass straw
Switchgrass stem
Switchgrass stem
Perennial mean
± SD

18.1
8.9
5.0
4.1
3.2
7.5 ± 4.5

nr
nr
nr
nr
0.3
0.73 ± 0.5

nr
nr
nr
nr
3.1
3.9 ± 2.4

Borie et al. (2002)
avg. among treatments

Franzluebbers et al. (1995)

Perennial species

Monti et al. (2008)
Clifton-Brown and Lewandowski
(2002)
year 1 spring harvest
Clifton-Brown and Lewandowski
(2002)
year 2 (avg. fall and spring
Clifton-Brown and Lewandowski
harvest)
(2002)
year 3 (avg. fall and spring
Clifton-Brown and Lewandowski
harvest)
(2002)
4-yr stand, after frost
Monti et al. (2008)
late summer
Johnson et al. (2007a)
4-yr stand, after frost
Monti et al. (2008)
Nov., avg. treatment and year Lemus et al. (2008)
Jul., avg. treatment and year Lemus et al. (2008)
late frost
Adler et al. (2006)
early spring
Adler et al. (2006)
fall harvest
Duffy and Nanhou (2001); Lemus et
al. (2002)
spring harvest
Duffy and Nanhou (2001)
Sept. harvest, avg. 3 varieties Bransby et al. (1998)
late fall harvest, avg. among Cassida et al. (2005a)
genotypes
late fall, avg. among varieties Madakadze et al. (1999)
and N treatment
summer harvest, avg. 5 yr
Reynolds et al. (2000)
fall harvest, avg. tillage
Reynolds et al. (2000)
treatment and yr
boot to inﬂorescence
Vogel et al. (2002)
post anthesis, avg. sites
Vogel et al. (2002)
after killing frost
Vogel et al. (2002)
late summer
Johnson et al. (2007a)
4-yr stand, after frost
Monti et al. (2008)

† nr, not reported.
‡ Millet (Panicum miliaceum L.).
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Nutrient removal was reduced by delaying harvest until spring, which dropped P
and K concentration to 0.08 kg P Mg−1 and
0.60 kg K Mg−1. The portion of the plant
harvested also impacts nutrient removal
rates. For example, harvesting essentially
all corn stover with cobs removed 42 kg N
ha−1, while harvesting the bottom 50% (by
height) of the plant removed only 13.8 kg N
ha−1 (Hoskinson et al., 2007). Harvesting the
whole plant removed 34.3 kg K ha−1 and 4.0
kg P ha−1, while harvesting only the bottom
50% removed 33.5 kg K ha−1 and 1.0 kg P
ha−1 (Hoskinson et al., 2007). However, harvest of only the bottom 50% removed less
N, P, and K because this portion has only
about one-third the amount of dry matter
and about twice the water relative to the
top 50%, which included the ear shank and
cob. Harvesting only cobs would remove 3
to 10 kg N ha−1 (Table 24|3).
Harvesting cellulosic feedstock removes
plant nutrients and has the potential to
reduce soil fertility (Apland et al., 1981;
Smil, 1999; Lal, 2008). It is straightforward
to determine nutrient removal from plant
concentration and harvest rate, but more
diﬃcult to predict subsequent impacts on
nutrient cycling and availability. Furthermore, response can vary by nutrient. For
example, harvesting stover reduced plant
available K and Mg a er 32 yr, but did not
significantly reduce other macro- (N, P, Ca)
or micronutrient (Mn, Zn, Fe) concentrations in soil (Moebius-Clune et al., 2008).
Removal of rice and barley (Hordeum vulgare
L.) residues reduced both ammonification
and nitrification (Kushwaha et al., 2000).
Similarly, harvesting corn stover reduced
potentially mineralizable N (Kapkiyai et
al., 1999; Salinas-Garcia et al., 2001). In contrast, retaining stover in a no-tillage system
reduced available N, presumably due to a
reduction in soil temperature (Andraski and
Bundy, 2008). The highest concentration of
soil P and K were reported with 100% stover harvest and 0% harvest compared with
partial harvest for no-tillage corn in Mexico
(Roldan et al., 2003).
Inorganic or organic amendments can
be used to balance nutrient removal and
soil fertility. Traditional amendments
such as inorganic fertilizer (Apland et al.,
1981; Smil, 1999), animal manures, and
composts (Kapkiyai et al., 1999), or unconventional amendments, such as pyrolysis
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char, gasification ash, or other energy-processing residues (Reĳnders, 2006) can be
applied to replace removed nutrients and
improve soil fertility. For example, in a
Kenyan study, application of only dry
manure (10 Mg ha−1) improved yield compared with applying comparable amount of
inorganic N and P (Kapkiyai et al., 1999). In
this same study, yield also was increased
when manure was applied in addition to
the inorganic P. Inclusion of legumes in a
no-tillage system with 66% stover removal
increased the activity of nutrient cycling
microbial enzymes (Roldan et al., 2003).
Legume intercropping with reed Canary
grass (Phalaris arundinacea L.) and awnless
brome (Bromus inermis Leyss.) eﬀectively
maintained yield in the absence of N fertilizer (Jasinskas et al., 2008).

Nutrient Management
in Perennial Systems
Perennial systems annually translocate
and cycle many plant nutrients; thus they
require diﬀerent nutrient management
compared with annual crop species. Fertilizer recommendations likely diﬀer
between establishment year and subsequent years. For example, application of
N fertilizer is not recommended during
the establishment year of warm-season
grasses, to reduce weed competition (Duﬀ y
and Nanhou, 2001; Nyoka, 2007). Perennial grasses may have a high aﬃ nity for
N recovery, which is why they have been
used in grass filter strips to reduce environmental contamination (Bransby et al.,
1998). A typical characteristic of perennial
grasses is to utilize and even scavenge N,
thus it is anticipated perennial grasses will
respond to N fertilization.
Switchgrass yield increased in response
to N fertilizer applied up to 225 kg N ha−1
(Vogel et al., 2002; Heaton et al., 2004;
Lemus et al., 2008). Recommended annual
N application rates range from 50 to 224 kg
ha−1 (McLaughlin and Adams Kszos, 2005;
Nyoka, 2007; Khanna et al., 2008; Lemus et
al., 2008). Switchgrass yields of 10.5 to 12.6
Mg ha−1 required 120 kg N ha−1 to replace N
removed during harvest, when harvested
at peak biomass (Vogel et al., 2002). Comparably, switchgrass required 50 to 140 kg N
ha−1, up to 36 kg P ha−1, and up to 105 kg K
ha−1 to maintain yields from 9 to 15 Mg ha−1
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(Khanna et al., 2008). Delaying biomass harvest reduced both N concentration (Table
24|3) and amount of biomass removed,
which may translate into lower N inputs
required (Vogel et al., 2002). Improved fertilizer recommendations for switchgrass
are still needed to account for regional and
cultivar variability (Sanderson et al., 1996;
Cassida et al., 2005b; Parrish and Fike, 2005).
Limited information is available on nutrient management for other perennial grasses.
Miscanthus produced average yields of
22 Mg ha−1 compared with 10 Mg ha−1 for
switchgrass in several studies compared by
Heaton et al. (2004). Nitrogen use eﬃciency
decreased but biomass yield increased
with N application for Kentucky bluegrass,
smooth bromegrass (Bromus inermis Leyss.),
and orchard grass (Dactylis glomerata L.)
(Zemenchik and Albrecht, 2002). Seed yield
of meadow bromegrass (Bromus riparius
Rehmann) increased with fertilizer application (50 or 100 kg N ha−1), and harvesting
the straw stimulated seed at both fertilizer
rates (Loeppky and Coulman, 2002). Mulkey
et al. (2008) reported a positive N response
for switchgrass, big bluestem (Andropogon
gerardii Vitman) and Indian grass [Sorghastrum nutans (L.) Nash]. In this mixed stand,
big bluestem outcompeted switchgrass, and
Indian grass virtually disappeared from the
stand within 3 yr regardless of N treatment,
demonstrating that stand composition can
change over time.

Water Management
Water quantity and quality issues related
to bioenergy production relate both to
growing bioenergy feedstock and feedstock conversion. Water requirements vary
among conversion platforms, with very little
water needed for using biomass as a substitute for natural gas or coal compared with
fermentation. It takes about 3 L of water
to produce 1 L of ethanol by fermentation
from grain (Owens, 2007) and 1.9 to 6 L
water to produce 1 L of ethanol by cellulosic
fermentation (Aden, 2007). Assuming a conservative water use eﬃciency of 10 kg ha−1
mm−1 (Hatfield et al., 2001), it takes about 14
million L ha−1 to grow corn yielding 14 Mg
ha−1. To convert the 14 Mg ha−1 corn grain
into 5500 L ethanol it takes about 16,500
L ha−1 water using a corn grain ethanol

conversion rate of 0.396 L kg−1 (Shapouri
et al., 2003). Clearly, more water is needed
to raise corn compared with the amount
of water needed to operate an ethanol fermentation plant. In regions where water
supplies are limited, nonagricultural (e.g.,
human consumption, wildlife, recreation)
water demands compete with water available for irrigation (Postel and Richter, 2003).
A vigorous, factual, public discussion and
debate of the pros and cons of using water to
irrigate biofuel feedstock is appropriate for
policy development, but beyond the scope of
this discussion.
Evapotranspiration dynamics diﬀer
among species and can be altered by management (Hatfield et al., 2001), and will
occur regardless if the crop was raised for
grain or for grain and residue. However,
more water is lost from the soil when crop
residues are removed (Al-Darby et al., 1989),
which is especially important in semiarid
or arid lands. Residues increase infiltration and decrease evaporation, generally
resulting in a net increase in soil moisture
(Smika and Unger, 1986; Blevins and Frye,
1993; Wells et al., 2003; Govaerts et al., 2007).
Therefore, additional water inputs may be
needed when residues in addition to grain
are harvested.
In general, water holding capacity is
increased with increasing SOM (Hudson,
1994); therefore, if biomass harvest causes
a reduction in SOM, water holding capacity could also be reduced. Maintaining soil
cover tends to increase water use eﬃciency
by (i) reducing the potential for soil crusting
and erosion, (ii) improving water infiltration,
and (iii) reducing evaporation (Aase and
Pikul, 1995). Changes at the soil surface due
to residue management can have hydrological impacts. For example, Tomer et al. (2005)
reported incorporation of residue increased
the overland flow component of stream discharge from small watersheds by nearly 50%
in a 25-yr study. Alas, research data on the
impact of widespread biomass feedstock
harvest on watershed hydrology is lacking
(Uhlenbrook, 2007).
Intensive agriculture has been identified as a significant source of nutrients
and pesticides in surface and groundwater.
Concerns have been raised about biomass
feedstock production exacerbating pollution of surface and groundwater resources
(Nyakatawa et al., 2006; Simpson et al.,
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2008). Conversion of perennial systems into
row crops presents a much greater environmental risk than converting row crops
into perennial biomass systems (Nelson et
al., 2006). Compensating measures such as
including cover crops are recommended
when crop straws are harvested (Dabney
et al., 2001). However, in arid or semiarid
regions water use by cover crops may be
detrimental (Unger and Vigil, 1998) so other
measures would be needed. Eliminating
tillage can reduce pesticide leaching (Gish
et al., 1998) and nitrate leaching (Mkhabela et al., 2008). Managing the water table
through subsurface irrigation and drainage
such that water and nitrates are kept in the
soil profile is a strategy to reduce nitrate
loading in surface- and groundwater (Elmi
et al., 2004). Expansion or addition of riparian buﬀer strips alongside biomass harvest
area would reduce surface runoﬀ reaching
waterways (Bharati et al., 2002). Water quality must be safeguarded through improved
water management whereby nutrient and
pesticide loading to surface and groundwater is reduced and ideally eliminated.

practice, historically associated with animal husbandry. Thus, for many producers,
utilizing the straw as a biomass feedstock
would not require learning additional
skills or acquiring additional equipment.
Small grain is harvested earlier in the
season, when there may be more time
available for the producer to harvest the
straw. Until a one-pass harvest system
is commercially available, corn stover
or small grain straw requires additional
harvest operations such as baling (Petrolia, 2008). Completing corn harvest in a
timely manner is an especially important
driving force behind developing corn
harvest equipment that can remove and
separate grain and biomass feedstock
(cobs or stover) in one pass (Fig. 24|3)
(Hoskinson et al., 2007). A one-pass harvest system reduces soil contamination of
feedstock, improves harvest timeliness,
and reduces costs.

Stover Harvest

Hoskinson et al. (2007) used a prototype
one-pass system to evaluate four different harvesting scenarios for corn grain
and biomass components in both a continuous corn and corn–soybean rotation
in Iowa. The four biomass harvest sceStrategies will vary by the biomass
narios were (i) the top 50% of the plant
feedstock (e.g., cobs, stover, straw, and
by height, (ii) the bottom 50% of the plant,
perennial grasses) harvested. Baling
(iii) all harvestable stover, or (iv) no stover.
small grain straw is a well-established
Corn grain and stover were
harvested in 2005, 2006,
and 2007 at the continuous
corn site, but only in 2005
and 2007 at the rotated site
(Table 24|4). Information
was collected on feedstock
quantity for each of the four
harvest treatments. These
data were compared with
guidelines developed by
Wilhelm et al. (2007) (Fig.
24|2) to determine the potential impact on SOC levels.
Harvesting all recoverable
aboveground stover (whole
plant treatment) from continuous
corn
exceeded
the recommended harvest
rates by 3.50, 5.87, and 3.17
Mg ha−1 in 2005, 2006, and
Fig. 24|3. Corn grain and stover being collected using a
2007, respectively. All four
one-pass harvesting system near Ames, IA.

Harvest Strategies
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Table 24|4. Corn grain (15.5% moisture) and dry stover yield from continuous and rotated
sites near Ames, IA. Both sites were managed using fall chisel plowing and ﬁeld cultivation
in the spring to prepare the seedbed each year.
Stover fraction

2005

2006

2007

2005

2006

2007

Continuous corn
————————— Mg grain ha−1————————— ————————— Mg stover ha−1 —————————
Whole plant

10.41

9.41

12.04

4.71

6.14

5.61

Cob and top 50%

10.35

9.53

12.04

2.91

4.98

4.42

1.26

1.48

0.70

Bottom 50%

10.35

9.22

11.85

Grain only

10.41

8.97

11.41

–

–

Annual avg./avg. total stover†

10.38

9.28

11.84

8.77

7.84

7.11

–

–
10.0

Corn–soybean rotation
Whole plant

12.73

–

13.17

Cob and top 50%

12.35

–

12.86

4.62

–

4.93

Bottom 50%

11.66

–

13.29

1.48

–

1.55

Grain only

12.42

–

12.98

–

Annual avg/avg. total stover†

12.29

13.08

10.39

–

5.67

–
11.05

† Assuming a 1:1 dry grain to dry stover ratio, this is amount of biomass produced.

removal treatments used at the rotated
site exceeded the guideline of 12.50 Mg
ha−1 of stover necessary to sustain SOM
and the 8 Mg ha−1 necessary for water
erosion control. Therefore, no removal of
biomass would be recommended, which
was confirmed by the rill erosion occurring after an extremely intense rainfall
event in spring 2008 (Fig. 24|1).
An alternative to annually limiting
biomass harvest based on annual SOC
guidelines (Wilhelm et al., 2007) would
be to rotate harvest in time, such that on
average the SOC guidelines are met. For
example, assume two years of continuous
corn, yielding 10 Mg dry stover ha−1 yr −1. If
during year one 7 Mg ha−1 were harvested
and 3 Mg ha−1 le in the field and during
year two no stover were harvested, then
13 Mg ha –1 stover or an average of 6.5 Mg
ha –1 yr –1 would be returned. Therefore, in
continuous corn, alternating stover harvest would provide on average enough C
inputs as well as suﬃcient ground cover
to maintain SOC and prevent erosion
(Fig. 24|2). Stover should be harvested
less o en, perhaps only once every 3 yr, if
more aggressive tillage is used, or every
other corn year in a corn–soybean rotation.
From a manager’s perspective, especially
in the absence of commercially available
harvest equipment, it may be more desirable to rotate harvest in time rather than

trying to harvest only a small percent of a
given standing crop.

Cob Harvest
The low density of corn stover and other
herbaceous material presents major
transportation and handling challenges
(Perlack and Turhollow, 2002). Furthermore, excessive stover harvest from any
area within a field could adversely aﬀect
water entry, retention, runoﬀ, nutrient
cycling, productivity, and many other
critical soil functions (Wilhelm et al.,
2007). Therefore, the ethanol industry is
exploring the feasibility of using corn
cobs as a biofuel feedstock (e.g., htt p://
www.poet.com/innovation/cellulosic/ and
htt p://www.cvec.com/ [verified 16 Sept.
2010]). Corn cobs have several advantages
compared with using all of the stover for
either thermochemical or biochemical
(fermentation) conversion platforms. Crofcheck and Montross (2004) found that cobs
had higher glucose concentration during
enzyme hydrolysis than other stover fractions with and without pretreatment. This
suggests corn cobs could have very high
quality as a cellulosic fermentation feedstock. Total energy content of corn stover
fractions (cobs, husk, leaves, stalks, and
grain) ranged from 16.7 to 20.9 kJ g−1 at
physiological maturity, with cobs being at
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the higher end of this range (Pordesimo
et al., 2005). Others (Treier et al., 2006; Yu
et al., 2008) reported similar heat values
(18.4–18.7 kJ g−1) with low ash, N, and S
relative to coal. Low N and S concentrations also reduce the potential production
of NOx and SO2 pollutants. Harvesting
only the corn cobs also helps address the
biomass density issue because of their relatively uniform size and shape that exists
a er coarse grinding. Collection of only
cobs would also leave most of the corn
stover in the field (Pordesimo et al., 2004),
which has multiple benefits with regard to
minimizing soil erosion (Lindstrom, 1986;
Erenstein, 2002) by protecting the soil
from erosive forces (Wilson et al., 2004)
and sustaining soil carbon (Johnson et al.,
2006a; Wilhelm et al., 2007). A multistate
survey conducted by the USDA-Agricultural Resource Service, Renewable Energy
Assessment Project (REAP) team found
that on a weight basis, cobs accounted for
15 to 20% of the aboveground nongrain
biomass under a wide variety of conditions (Wilhelm et al., 2010). This range is
consistent with data for irrigated corn in
Colorado and Texas (Halvorson and Johnson, 2009) and in the western Corn Belt
(Varvel and Wilhelm, 2008b). Cobs have
potential for feedstock, especially if only
limited stover is available for harvest a er
meeting SOC and soil coverage needs.

Other Feedstock Harvest

In the Corn Belt, corn cob and stover are
likely primary feedstocks, but in other
regions, the primary feedstock may be
small grain straw (Banowetz et al., 2008),
perennial grasses (McLaughlin and
Adams Kszos, 2005), or wood products.
Integrating use of primary with secondary feedstocks could increase temporal
and spatial diversity within the landscape.
Multiple feedstocks may encourage growing more perennial species, including
prairie mixtures.
Feedstocks with temporally diverse
harvest windows are desirable from a
time management standpoint. Multiple
feedstocks with staggered harvest dates
may reduce storage capacity needs, but
must fit within the existing management.
For example, harvesting perennial grasses
after a killing frost may interfere with
harvesting corn and soybean, due to labor
constraints. Harvesting perennial grasses
in very early spring before nesting would
provide winter cover for wildlife, but in
northern regions (e.g., Minnesota) late
snows can delay or prevent spring harvest
(Fig. 24|4). Managing harvest of perennial
grasses will also require understanding
the potential tradeoff in harvest timing
between maximizing biomass yield versus timing harvest to minimize nutrient
removal and maintaining stand integrity
(Vogel et al., 2002; Mulkey
et al., 2006; Lee et al., 2007).
As the bioeconomy
develops, efficient, timely,
and commercially available harvest systems will
evolve. The amount of
biomass that is needed on
the land to control erosion
and maintain SOC are
considerations for determining what is harvested,
how and when biomass is
harvested, and how frequently. Expanding crop
rotations, incorporating
cover crops, reducing tillage, and rotating harvest
in time are all strategies
that can be used to sustain soil while sustaining
Fig. 24|4. Standing switchgrass in western Minnesota with
economic viability of bioearly April snow accumulated, delaying spring harvest.
fuel feedstock.
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Economic Drivers
Biomass prices can have a critical impact on
how crops are managed. In order for biomass harvest to be economically feasible,
biomass prices must oﬀset any additional
costs incurred. Additional costs may
include biomass harvest, storage, and transportation; nutrient replacement; impacts
on current and future crop productivity;
and implementing changes in production
practices to facilitate biomass production
(e.g., changes in tillage or rotation). As biomass prices increase relative to other crops,
there are increased economic incentives
for greater biomass removal. This includes
incentives to harvest biomass on more acreage and incentives to increase production
per unit land area.
Collection costs per unit of biomass
tend to decline at higher removal rates and
higher yields (Duﬀy and Nanhou, 2002;
Graham et al., 2007). This provides an economic incentive for a farmer to harvest the
highest yielding biomass crops at the highest practical rates, increasing production per
unit land area. With annual crop residues,
this might be somewhat tempered by high
water content of stover, nutrient replacement
requirements at higher removal rates, and

the degree to which biomass harvest activities interfere with grain harvest (Hoskinson
et al., 2007). However, the importance of
these eﬀects depends on the harvest technology used. For example, high moisture
content of the stover is not an important
issue when wet harvest and storage is used
instead of dry harvest and storage (Shinners
et al., 2007). The importance of these eﬀects
also depends on the biomass price. Higher
biomass prices increase the value of biomass
production, so that it may be profitable to
incur additional production costs, including
paying higher nutrient replacement costs
and making expenditures or production
changes to reduce interference with grain
harvest activities (Apland et al., 1981; Bender
et al., 1984).
Biomass harvest removes plant nutrients
(Table 24|3), and replacing these nutrients can represent a significant production
expense. For whole stover removal, the
replacement cost of both macro- and micronutrients was estimated as high as $118 ha−1
beyond the cost of producing grain (Table
24|5). Input costs of fertilizers vary among
production systems. For instance, total operating costs over 20 yr were substantially
higher for miscanthus production in Illinois
than for switchgrass, $11,748 ha−1 compared

Table 24|5. Average nutrient removal for ﬁve site-years and 2008 replacement cost for
various fractions of corn stover harvested as a potential biofuel feedstock near Ames, IA
(Karlen et al., unpublished data).
Stover fraction

N

P

K

kg ha−1

$ ha-1†

kg ha−1

$ ha−1

Whole plant

39

47.93

3.2

22.20

34

37.67

Cob and top 50%

29

35.64

3.1

21.50

28

31.02

7

8.60

0.7

4.86

9

9.97

Bottom 50%

Ca
kg ha−1

kg ha−1

Mg
$ ha−1

$ ha−1

Cu

kg ha−1

$ ha−1

g ha−1

$ ha−1

Whole plant

23

1.55

17

3.17

20

0.46

Cob and top 50%

14

0.94

10

1.87

20

0.46

6

0.40

5

0.93

2

0.05

Bottom 50%

Fe
g ha−1

Mn
$ ha−1

Zn

g ha−1

$ ha−1

g ha−1

$ ha−1

Whole plant

523

2.93

128

0.92

88

0.77

Cob and top 50%

299

1.67

69

0.50

69

0.61

Bottom 50%

162

0.91

29

0.21

17

–1

–1

0.15
–1

† Prices based on cost to growers on 23 July 2008: N, $1.229 kg ; P, $6.936 kg ; K, $1.108 kg ; Ca, $0.0672 kg –1; Mg,
$0.1867 kg –1; Cu, $0.0229 kg –1; Fe, $0.0056 g –1; Mn, $0.0072 g –1; Zn, $0.0088 g –1. N-P-K were calculated for using anhydrous ammonia for N, diammonium phosphate for P2O5, and muriate (KCl) for K; Ca was based on calcitic limestone 40%
Ca; Mg was based on dolomitic limestone 9% Mg; Cu as copper sulfate; Fe as iron sulfate; Mn as Manganese oxide; and
Zn as zinc oxide.
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with $2775 ha−1 at the farm gate, with $571
ha−1 and $484 ha−1 for N, P, K, and lime,
respectively (Khanna et al., 2008). Replacement costs of P and K for switchgrass grown
in Iowa were estimated at $7.78 and $47.32
ha−1 (Duﬀy and Nanhou, 2001), which would
be considerably higher using 2008 dollars.
One promising aspect of energy production
would be to recover N before gasification in
a coupled gasification and ethanol production process (Anex et al., 2007). Potentially
28 to 78% of the N fertilizer applied in corn
stover and switchgrass biomass systems
could be recovered by this process. Once
recovered, the nutrients could be transported back to the farm.
Feedstock removal rates are limited by
the need to leave suﬃcient nongrain biomass on the land to control soil erosion
and to maintain soil quality (Johnson et al.,
2006a; Johnson et al., 2006b; Wilhelm et al.,
2007). While these limits might be imposed
by regulation, producers recognize the
economic incentives to limit removal rates.
Excessive biomass removal can lead to
increased soil erosion and reductions in
SOC, which have environmental consequences as well as impacts on future crop
productivity (Wilhelm et al., 2004). If producers perceive negative impacts on crop
productivity, this provides an incentive
against excessive removal. While increasing biomass price produces a short-term
incentive to increase biomass harvest, it also
produces an incentive to maintain future
productivity. At some point, it may become
profitable to change management in ways
that allow for a higher harvest level. Several analyses of potential biomass supply
assumed that producers would switch to
less-intensive tillage systems to increase the
amount of crop residues that could be harvested (Gallagher et al., 2003; Sheehan et
al., 2004; Perlack et al., 2005; Graham et al.,
2007). Other potential production changes
include the use of cover crops (Anex et al.,
2007) and changes in crop varieties or crop
rotations to increase crop residue cover or
biomass production, or to make biomass
harvest more timely. Potential examples
include changing from a corn–soybean
to a continuous corn rotation to increase
average biomass production (Sheehan et
al., 2004), inclusion of perennial biomass
crops in annual cropping systems (Anex et
al., 2007), long-term conversion from annual
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crops to perennial crops (Varvel et al., 2008),
or inclusion of wheat in rotation with corn
to allow early fall straw harvest instead of
late fall corn stover harvest (Apland et al.,
1981). Policy analyses helped identify the
production shi s that might occur across
broad areas and a limited set of production
alternatives (De La Torre Ugarte et al., 2003;
Schneider and McCarl, 2003). However, the
relevant price levels and resulting production shi s are likely to be producer and site
specific. Producers may be able to harvest
biomass feedstock (such as corn stover or
wheat straw) with only minor changes to
their production systems, while incorporating dedicated biomass crops (perennial
woody or herbaceous) could require additional equipment and facilities. Substantial
management changes and associated costs
with perennial species feedstocks are compounded by multiple-year commitments
and a delay from planting to first harvest,
dramatically increasing associated risks.
Therefore, larger price incentives or market
assurances may be required to stimulate a
production shi (Larson et al., 2008).

Integration
The rapidly emerging soil management
technologies being developed to use corn
stover and other lignocellulosic materials
to produce biofuel and other bioproducts
oﬀer an opportunity to increase the net
environmental benefits of agriculture by
using crop rotations that are more temporally and spatially diverse than current
rotations. Implementing diverse rotations,
especially rotations that include perennial biomass feedstocks and integrating
multiple feedstocks, provides multiple
environmental, social, and economic benefits. Using strategies to minimize negative
impacts and maximize potential benefits
will help avoid many of the concerns raised
by Doornbosch and Steenblik (2007), Ernsting and Boswell (2007), Fargione et al. (2008),
and Searchinger et al. (2008). These authors
raised concerns that putt ing new lands
(e.g., rainforest) into production, especially
production of annual species, will release
more greenhouse gas than can be oﬀset
by using biomass for energy. Their arguments strengthen the case for developing
a bioeconomy that includes sustainability
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as an a priori criterion. This would support
policy and management decisions that discourage land use change, and encourage
the use of practices that protect soil, water,
and air resources.
Implementation of more diverse rotations in time and space for producing
bioenergy feedstocks and solving many of
the current “externalities” associated with
agriculture has become more feasible with
the advent of global positioning systems
(GPS), geographic information systems (GIS),
remote sensing, and related technologies for
precision—or site-specific—mapping and
management of crops. These technologies
can be used to manage fertilizer and pesticide inputs (Giles and Slaughter, 1997; Tian
et al., 1999; Ferguson et al., 2002; Khosla
et al., 2002; Robert, 2002), guide the placement of drainage tile and terraces (Zhang et
al., 2002), encourage in-field and field-edge
conservation practices (Berry et al., 2003;
Dinnes, 2004), and support placement of
specific crops, rotations, and tillage practices within individual fields (Kitchen et al.,
2005). New technologies can also help optimize water quality across watersheds and
ecoregions (Hatch et al., 2001).

Concluding Remarks
Corn stover and corn cobs represent nearterm herbaceous feedstocks for cellulosic
ethanol production and/or thermochemical platforms. As the bioeconomy matures,
other feedstocks (cellulosic and oilseed)
likely will develop and expand. The feedstock market and production (all-inclusive
planting, harvest, transport, and storage)
will develop and evolve. Dominant cellulosic feedstock will vary by region and
season. Multiple feedstocks with temporally diverse harvest will improve time
management and reduce on- or oﬀ-farm
storage needs. Routine broadscale biomass
harvest needs to be managed such that it
does not exacerbate soil erosion or loss of
SOC. Annual harvest rates should maintain
suﬃcient cover to control erosion; harvestable biomass decreases as tillage intensity
increases. In general, more biomass needs to
be returned to maintain SOC than to control erosion. Suﬃcient biomass inputs can be
achieved by limiting the amount of biomass
harvested, for example harvesting only cobs

or the top portion of the corn stalk. Another
strategy is to limit the frequency biomass
is harvested on a given field. Management
practices such as reducing or eliminating
tillage, adding cover crops, and including
perennials are all means of increasing the
amount of harvestable biomass while maintaining SOC and soil quality. These
management strategies also help safeguard
water quality. Additional management strategies for protecting water quality include
managing irrigation and drainage to reduce
nutrient loading, and adding or expanding
riparian buﬀers to reduce surface runoﬀ.
Furthermore, soil cover can increase water
use eﬃciency by reducing the potential
for soil crusting and erosion, improving
water infiltration, and by reducing evaporation. Nutrient management will need to
be altered to compensate for the additional
nutrient removal and adapted for perennial
crops. Limiting N availability during establishment of perennial grasses can reduce
weed pressure. Delaying perennial harvest
until a er senescence or until spring can
reduce the amount of nutrients removed in
the biomass. Soil fertility should be monitored by soil testing and crops scouted for
deficiency symptoms, including micronutrients, so nutrient management can be
adjusted as necessary to support biomass
harvest. Overall, protecting soil, water, and
air resources through improved soil and
crop management is essential to developing the bioenergy industry in a manner that
ensures long-term environmental and economic sustainability.
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